Abstract-The successful motor rehabilitation of stroke patients requires early intensive and task-specific therapy. A recent Cochrane Review, although based on a limited number of randomized controlled trials (RCTs), showed that early robotic training of the upper limb (i.e., during acute or subacute phase) can enhance motor learning and improve functional abilities more than chronic-phase training. In this article, a new subacute-phase RCT with the Neuro-RehabilitationroBot (NeReBot) is presented. While in our first study we used the NeReBot in addition to conventional therapy, in this new trial we used the same device in substitution of standard proximal upper-limb rehabilitation. With this protocol, robot patients achieved similar reductions in motor impairment and enhancements in paretic upper-limb function to those gained by patients in a control group. By analyzing these results and those of previous studies, we hypothesize a new robotic protocol for acute and subacute stroke patients based on both treatment modalities (in addition and in substitution).
INTRODUCTION
Stroke has a considerable social impact, leaving survivors with residual impaired arm function and disability in activities of daily living (ADLs). Recovery is partial in 85 percent of stroke survivors [1] , about 35 percent of whom are left with a major disability; traditional rehabilitation programs leave about 30 to 60 percent still without functional use of the paretic/plegic arm [2] [3] . Moreover, the number of people requiring rehabilitation treatment after stroke is rapidly growing owing to population aging [4] . The aim of rehabilitation in subjects with hemiplegia is to promote recovery of lost function, independence, and early reintegration into social and domestic life. Clinical studies have reported better motor outcome with various sensorimotor approaches, including repetitive intensive mobilization [5] , forced use of the paretic limb or constraint-induced movement therapy [6] , biofeedback [7] , functional electrical stimulation [8] , and transcranial magnetic stimulation [9] . (A comparative analysis of different therapeutic approaches can be found in Langhorne et al. [10] .) The available scientific literature suggests that poststroke rehabilitation intervention is significantly more effective when it is delivered in the early phase of recovery (<6 months). Evidence supports that better functional outcome is determined by rehabilitation that is initiated promptly [11] and based on intensive, especially multisensory, stimulation [12] [13] . This kind of stimulation is associated with increased adaptive plasticity of the brain in the early poststroke stages [14] [15] [16] [17] .
The use of robotic systems to complement standard poststroke multidisciplinary programs is a recent approach that looks very promising; robotic devices can provide high-intensity, repetitive, task-specific, interactive treatment of the impaired limb (passive and/or activeassisted exercises) and can objectively and reliably monitor patients' motor progress, measuring changes in movement kinematics and forces [18] [19] . It is appropriate to consider the robot as an advanced tool to be used under the therapist's direction-a tool that can implement relatively simple repetitive and labor-intensive therapies. Clinical decisions should be managed by the rehabilitation team and, when appropriate, planned and executed on the robot; this approach should be part of an integrated set of tools that also includes simpler nonrobotic approaches [20] [21] .
In a recent Cochrane review, Mehrholz et al. showed that the use of electromechanical devices in rehabilitation may not significantly improve ADLs, although they did find evidence that upper-arm motor function and strength may improve [22] . Thus, the actual role of robot-assisted therapy in poststroke rehabilitation remains to be clarified, and to date, no guidelines exist on how the design and use of such devices might increase their efficacy [23] . One domain to be explored is acute-phase robotic therapy. So far, many robotic devices have been designed to deliver arm therapy in individuals with stroke [24] , but only a few of them-notably, the MIT-Manus [25] [26] , the Mirror Image Movement Enabler (MIME) [27] [28] , the Bi-Manu-Track [29] , and the Neuro-RehabilitationroBot (NeReBot) [30] [31] [32] -have been tested in at least one randomized controlled trial (RCT) on patients during the acute or subacute phases of their stroke. * The results of those studies show that early robotic training of the upper limb can improve ADLs significantly more than chronic-phase training [22] . This result, corroborated by the general finding that poststroke rehabilitation is more effective when delivered in the early phase of recovery, suggests that early robotic therapy should be further investigated.
The main facts and figures of the first RCTs on early robotic stroke rehabilitation are summarized in Table 1 . The MIT-Manus is a 2 degree of freedom (DOF) robot that assists shoulder and elbow movement by guiding the patient's hand in the horizontal plane [25] [26] . A study in the subacute phase (starting in the fourth week after stroke on average) of 56 patients with moderate to severe poststroke hemiparesis investigated whether additional sensorimotor training enhanced motor outcome. The patients who received standard multidisciplinary poststroke rehabilitation and robotic training in addition to traditional therapy (at least 25 hours, 4-5 hours a week for 5 weeks) presented less impaired shoulder and elbow function and greater recovery of ADL functions than did patients who received no additional therapy [33] .
The MIME [27] [28] is a 6 DOF robotic arm developed for unilateral or bilateral shoulder and elbow treatment. In one RCT [34] , 24 subacute stroke subjects were trained with the MIME (1 hour a day for 4 weeks, starting in the 11th week after stroke on average). In this study, the robot-assisted treatment (with bilateral, unilateral, and combined bilateral and unilateral modalities) was compared with conventional therapy (six patients). The results showed that the combined unilateral and bilateral robotic training had advantages over conventional therapy, producing larger improvements on a motor impairment scale and on a measure of abnormal synergies. However, gains in all treatment groups were equivalent at the 6-month follow-up.
The Bi-Manu-Track was designed specifically to train distal arm movements in bilateral passive and active mode through practice of elbow pronation and supination * One reason for this is that early intervention is more challenging than postacute and chronic-phase treatment, because acute patients are usually severely impaired and confined to a hospital bed, may lack sufficient postural control to be treated in an upright position, and may need emergency treatment [20] . Another point is that spontaneous recovery may be a confounding variable in acute and subacute clinical trials.
as well as wrist flexion and extension in a mirror or parallel fashion [29] . A multicenter study of this device included 44 severely affected subacute stroke patients [35] with an initial average Fugl-Meyer (FM) assessment between 7 and 8 (0-66, see Table 1 ) and no volitional activity of the wrist and finger extensors. For 6 weeks, starting in the fifth week after stroke on average, the randomly assigned patients were trained either with the robot or with electrical stimulation of the paretic wrist extensors. Over time, both groups significantly improved their upper-limb motor control and power; the between-group comparison revealed superior results in the robot-trained group both at the end of the study and at the 3-month follow-up. Interestingly, both the proximal (0-42) and distal (0-24) FM subscores improved evenly in the robottrained group, showing that treatment effect was generalized. The authors attributed the greater improvements in the robot-trained group to the greater number of repetitions and the bilateral approach. At the University of Padua in Italy, we designed and developed the NeReBot, a device for treatment of poststroke upper-limb impairments in the acute and subacute phases of rehabilitation [30] [31] [32] . In the first NeReBot trial [21] , the additional training delivered by NeReBot consisted of 25 daily interventions (starting within the first week poststroke) divided into 2 sessions a day for a total training time of 4 hours a week for 5 weeks, whereas the control group (CG) received similar exposure to the robot (two 30-minute sessions a week) except that the exercises were performed with the unimpaired limb. A comparison of the two groups revealed that at the end of training, the patients in the experimental group (EG) had greater improvements in motor and functional recovery. At the 3-month poststroke follow-up, the EG continued to show significant improvements in motor and functional recovery compared with the patients in the CG , and after 8 months poststroke, the EG sustained the gains recorded during the first follow-up. By analyzing the data reported in Table 1 , one will notice that the studies that obtained the largest effect sizes on ADL measures are the two that used robotic intervention in addition rather than in substitution of conventional upper-limb therapy [21, 33] . Other common aspects of both studies are stroke severity (very small baseline FM scores), short time poststroke (<1 week and 3 weeks on average), and the proximal and unilateral approach. A major difference is the type of exercises implemented: the MIT-Manus is a planar device, whereas the NeReBot has a three-dimensional (3-D) workspace.
In this new study, we tested the NeReBot in substitution of conventional (nonrobotic) proximal upper-limb exercise. Our working hypothesis was that in hemiparetic subacute stroke patients, NeReBot training could efficaciously support standard rehabilitation treatment by substituting the upper-limb portion of the conventional protocol, yielding comparatively similar results with respect to standard rehabilitation.
METHODS

Robotic Device: NeReBot
The NeReBot is a 3 DOF robotic device for upper limbs that can be easily used in the acute phase thanks to its portability and usability at bedside. The robot is based on direct-drive wire actuation: three actuated nylon cables are used to sustain and move the patient's forearm, which is fastened onto a rigid splint ( Figure) . Compared with the devices characterized by a rigid structure, this solution provides many benefits, mainly: lower costs, reduced complexity (3-D trajectories can be exercised despite the limited number of actuators), high robot compliance, and high reliability and safety [32] . The NeReBot can (1) help the patient perform spatial movements (flexion and extension, pronation and supination, adduction and abduction, circular) of shoulder and elbow, (2) be easily moved to the hospital room, and (3) be used to intervene on patients in not only the sitting but also the supine position. The Figure shows the NeReBot during an abduction-adduction exercise with a patient in the supine position.
The NeReBot can be programmed to perform repetitive assistive movements of the proximal upper limb (shoulder and elbow), simulating a hand-over-hand therapy with imperceptible differences in the patient's sensorimotor experience. Each exercise is recorded by manually moving the patient's forearm along a set of waypoints chosen by the therapist (learning phase). At the end of this phase, the acquired positions are interpolated to obtain a very comfortable 3-D motion of the patient's upper limb (therapy phase). During the therapy phase, the therapist instructs the patient to anticipate the trajectory, producing an active contribution to the movement of the limb. At the same time, the patient can experience voluntary movements in different directions with respect to the preset trajectory (e.g., the horizontal direction during a shoulder abduction-adduction exercise). These movements are allowed by the robot, thanks to underactuation. In fact, only three cables are used to control the motion of a 5 DOF kinematic chain [30] . In this way, robot-patient interaction becomes highly compliant, giving the patient the very comfortable sensation of being guided through an assisted hand-over-hand therapy.
The NeReBot provides basic visual and auditory feedback to the patient. A beep signals the start and the end of each point-to-point portion of the exercise. Visual feedback consists of a static 3-D image of a virtual upper limb on which three arrows parallel to the cables show the desired direction of arm motion. Thanks to a recent upgrade, in the new trial a score proportional to the subject's effort was provided to the subject, * both as a bar and a number displayed on the screen. In this way, we aimed to further motivate the patient to produce active motion during NeReBot training, since active movement training has far more beneficial effects on cortical reorganization and treatment outcome than passive movements.
Population
Subacute subjects after a first, single ischemic or hemorrhagic cerebrovascular accident (within 20 days) with upper-limb impairment (hemiparesis or hemiplegia) were included in the study. The following inclusion criteria were adopted: (1) diagnosis of recent single-sided stroke (ischemic or hemorrhagic) demonstrated by brain computerized axial tomography or nuclear magnetic resonance, (2) sufficient cognitive and language capacities to understand the operator's instructions (Modified MiniMental State Examination score >18) [36] , (3) paralysis or paresis (Motor Power score between 8 and 12) with no ability for active movement against gravity or weak resistance [33] .
† The following exclusion criteria were adopted for the study: (1) cardiovascular instability (severe, uncontrolled hypertension; severe coronary artery disease; etc.) or orthopedic or neurological conditions; (2) multiple cerebrovascular lesions (usually result of many past ischemic episodes); (3) early appearance of marked spasticity (3 s Ashworth Scale) [37] ; (4) upperlimb joint pain or limitations to range of motion that would have limited the subject's ability to complete the protocols; (5) severe neuropsychological impairment (global aphasia, severe attention deficit, or severe space inattention), because the patient needed to be able to follow instructions; (6) age >85 years or <18 years.
This study was approved by the Ethics Committee for clinical trials of the Provincial Agency for Health Services of Trento (Italy). Informed consent was obtained from all patients (21 subjects) and from one family member before randomized assignment to the EG (n = 11) or the CG (n = 10). Randomization was achieved with use of a sequence of computer-generated random numbers.
Intervention
The study tested a protocol that used robots as an alternative to the standard treatment for 35 percent of the total daily treatment time. Both groups received a total daily treatment time of 120 minutes for 5 days a week for 5 weeks. CG patients performed the conventional functional rehabilitation for 80 minutes a day (including proprioceptive exercises, functional reeducation, gait training, occupational therapy, and passive and active-assisted mobilization of the hand and wrist) but without specifically exercising the proximal paretic arm. The proximal paretic arm was exercised during a separate 40-minute session. For the EG , conventional treatment of the proximal paretic arm was substituted with NeReBot training for 40 minutes a day (divided into two 20-minute sessions). Robotic training was administered under the supervision of a physiotherapist, who defined the exercises (flexion and extension, adduction and abduction, pronation and supination, circular) according to the protocol, adapted cable velocities (range: 5-60 mm/s) to the specific exercise and the patient's progress (to keep the exercises challenging) and, in agreement with the rehabilitation team, defined the treatment schedule weekly. The same therapist supervised the NeReBot training for all EG patients, whereas a different therapist delivered standard rehabilitation to all patients. * Subject's effort is estimated by subtraction of the sum of actual cable tensions (actual robot effort) from that recorded in the same point in the first repetition of the exercise, during which the subject was instructed to remain passive (maximum robot effort). The resulting value, once divided by the latter, is displayed as a percentage. All robot treatment sessions consisted of a sequence of motor tasks followed by a short resting phase. The patients were asked to perform five to seven exercise cycles lasting nearly 3 minutes each, followed by a 30-60-second resting period; each session lasted 20 minutes. They performed the movements slowly to avoid abnormal muscle activity that might cause pain or injury of the paretic muscles. At the start of each therapy session, the clinician examined arm impairment to investigate motor function recovery and pain or other complications; placed the patient's forearm together with the wrist and hand in a neutral position in the splint; and identified the optimal path and rest positions for the patient within robot workspace, related to the individual stage of recovery, to fully exploit the patient's residual motor skills and provide spatial stimulation. All patients sat on a chair/wheelchair * fitted with seat belts to limit torso movements and prevent falling. Patients were instructed to actively contribute to the exercise according to the goal movements. During the robot therapy session, the therapist verbally encouraged the patient to increase effort while a score proportional to patient effort was displayed in the form of a bar and of a number on the screen. Treatment was completed in the same rehabilitation center for all the recruited subjects during hospitalization, and no patient underwent rehabilitative treatment during follow-up.
Measures
All patient assessments were performed by the same blinded clinician, who had previously attended a training course qualifying him or her to use the scales, was not directly involved in the delivery of either robot-aided or standard rehabilitation therapy within the study, and did not know which patients had been enrolled in the EG and the CG. Assessments included a number of clinical evaluations immediately before treatment start (baseline), immediately posttreatment (5 weeks after treatment start), and 3 months after the end of treatment (follow-up).
The following internationally validated motor and functional rating scales were used: 1. Medical Research Council (MRC) [38] number of medical complications in the two groups (shoulder-hand syndrome, shoulder pains) and the degree of acceptance of the robotic training rated on a visual analog scale (0 = poor acceptance and 10 = maximum acceptance).
Statistical Approaches
The baseline characteristics of patients in the CG and EG were compared by chi-square tests (nominal data) or unpaired t-tests for independent samples (continuous data). Before-after training improvements in each group were tested for statistical significance through Wilcoxon matched-pairs test after the end of rehabilitation therapy and at the 3-month follow-up. The Mann-Whitney U-test was used to identify significant differences between the two groups in average gains in scores on motor impairment (FM-SEC, FM-WH, FM-tot, MRC) and functional disability (m-FIM, FAT, Box and Block, MAS). Statistical significance was set at p  0.05. The statistics were processed using SPSS version 17.0 (SPSS, Inc; Chicago, Illinois).
*
The use of the NeReBot at bedside is recommended in the very first days after stroke. In this study, patients started NeReBot training 10 days poststroke on average and all could be treated in the sitting position.
RESULTS
Demographic characteristics and baseline motor and functional assessments of the 21 subjects enrolled are showed in Table 2 . The EG (n = 11) and CG (n = 10) were comparable with respect to age, sex, side of stroke, and type of stroke at rehabilitation admission. NeReBot training of EG patients started on average 10.1 days after stroke (range = 4-15). The results at the end of rehabilitation treatment and at the 3-month follow-up are summarized in Table 3 . Before-after training improvements in motor and functional scales within each group were all statistically significant at the end of robot therapy. Most of the gains at follow-up were statistically significant as well, especially in the EG. In both groups, all or most muscles tested were stronger at the end of therapy and at follow-up (MRC results), motor impairment and abnormal hypertonia were reduced (FM and MAS results), and basic ADLs and dexterity were improved (m-FIM, FA-T, and Box and Block Test results). The between-group comparison revealed no significant difference between EG and CG improvements at the end of robot therapy and at follow-up, with almost all the p-values considerably greater than 0.05. * No differences were found between the two groups in terms of joint-or tendon-related pain in the shoulder, wrist, or hand or any other complications, including shoulder-hand syndrome. Only one CG patient developed a complication (shoulder-joint pain) but it did not influence performance of the rehabilitation program. The questionnaire administered to the EG patients at the end of robot therapy showed that this form of intervention was well accepted and tolerated by the patients (mean score = 8.1/10), as already reported by the first study. All patients in the EG were in favor of including NeReBot training in the poststroke rehabilitation program.
* Only MRC wrist flexor at the end of therapy was significantly higher in the CG. However, this result did not persist at the 3-month followup. FA-T at the 3-month follow-up was also close to significance. 
DISCUSSION
Our results show that on both motor and functional scales, EG patients presented gains comparable to those of CG patients at the end of robot therapy, indicating a substantial equivalence between treatment groups. FM-WH and m-FIM changes were noticeably more pronounced in the CG. This result may be explained by the fact that the EG had higher baseline scores in both measures. Also, as to the FM-WH, one should consider that the NeReBot exercises the proximal upper limb only.
*
On the other hand, Box and Block and FA-T changes were more pronounced in the EG.
Another interesting point is that the improvements, which were clinically relevant, persisted at follow-up in both groups. Moreover, since gains in motor function have not always been reported to bring significant improvements in the performance of basic self-care activities [40] , these results are interesting because both groups showed gains in the functional scales. Gains in functional scales must be interpreted very carefully, because they may be the result of compensation rather than recovery. However, while reading functional scores, one should keep in mind that compensation strategies are more likely to be taught in standard rehabilitation programs [44] than in robotic training.
If we compare the results with those of our previous NeReBot study [21] , the primary ADL measure (m-FIM) indicates that additional training is more efficacious than substitution with our device. The other functional scales used in this new study would draw a different result; however, they were not used in the first study. Also, we must remind readers that in the new study, the average gains in all scales did not significantly differ in the EG and CG , suggesting that poststroke patients exposed to early stimulation with NeReBot in substitution of standard proximal upper-limb mobilization achieve comparatively similar reductions in motor impairment and enhancements in the ability to perform ADLs. This result is consistent with the findings of the subacute-phase MIME study by Lum et al. [34] , which compared three different robotic protocols with one conventional rehabilitation protocol, all sharing the same duration and intensity of treatment. The study showed a substantial equivalence of * Future studies will investigate whether adding a wrist/hand module to the robot will lead to greater gains.
motor and functional gains in robot patients (as pooled in one group by Mehrholz et al. [22] ) with respect to the CG. The same applies to ADL improvement for the acutephase trial of Bi-Manu-Track [35] . In this study, even though comparatively higher gains in motor function and motor strength were achieved in the robot group with respect to control patients, a substantially neutral effect size was obtained in terms of ADLs at the end of intervention [22] . It is worth noting that the three RCTs used different robotic systems, targeted different segments of the upper limb, and implemented different treatment modalities (unilateral, bilateral, mixed). The potential equivalence of robotic and traditional interventions is suggested also by a recent study by Reinkensmeyer et al. [45] , who used robotic treatment in substitution of unassisted movement training of the paretic upper limb in a chronic-phase setting. In this work, a computational model of motor plasticity in chronic stroke patients is presented (based on experimental evidence) that predicts an exponential-like motor recovery driven by practice, regardless of range or speed of the practiced movement, suggesting that robotic and nonrobotic techniques can result in similar improvement in movement ability after stroke. The same premise is supported by a recent multicenter RCT by Hesse et al. [44] , who used robotic training of the upper limb with a mechanical arm trainer as an alternative to electrical stimulation of the paretic wrist extensors in subacute stroke patients. In this study, no statistically significant difference between groups was found in the primary outcome (FM scale); i.e., the mechanical arm trainer was not superior to the electrical stimulation on the impairment level despite a much higher repetition rate, more DOFs, and a bilateral approach. The authors hypothesized that this unexpected result may have been due to the different limb segment exercised in the two groups.
On the basis of the fact that different types of robotic training do not result in improved gains when used in substitution of nonrobotic rehabilitation techniques, one could also argue that the kind of therapy or robotics used does not matter: the fact that exercise practice occurs is the main determinant of treatment outcome. On the other hand, the hypothesis that early intensive exercise may have more effect on patient recovery than chronic-phase training is supported by a wide literature on nonrobotic rehabilitation techniques [46] and by the cited computational model by Reinkensmeyer et al. [45] that suggests that the differential effect on limb strength of a dose of movement practice will be greater earlier in recovery, because the learning curve is exponential-like. This finding is confirmed by the two acute-and subacute-phase studies that used robotic training in addition to conventional therapy or in comparison with placebo (one involving the MIT-Manus [33] , the other the NeReBot [21] ) and revealed that additional robotic treatment in the acute and subacute phases leads to comparatively higher improvements in ADLs [22] . Conversely, at least one study on additional robotic training in the chronic phase reported that gains in ADL measures were not greater in the robotic group with respect to controls [47] .
CONCLUSIONS
In this article, we presented the results of an RCT in which robotic therapy was used in partial substitution of conventional upper-limb rehabilitation of acute stroke patients. By comparing these results with those of previous studies, we can summarize that robot-assisted rehabilitation of the upper limb in the acute and subacute phases may be successfully used (1) in substitution of conventional mobilization of the upper limb, because it can be at least as effective as conventional therapy, and (2) in addition to nonrobotic techniques. This second approach, in a limited number of trials, proved to be more effective when improved ADLs was the aim. Based on this premise, we hypothesize that an optimal robotic training protocol for acute and subacute stroke patients would be divided in two stages: initial additional robotic training (first stage) followed by substitution of part of the conventional therapy with the robotic exercise (second stage). In this way, the amount of treatment would be increased in the stage of recovery where improvements are likely to be greater. For such a protocol to be feasible without the need for increasing manpower in the rehabilitation facility, a proper robotic tool requiring only partial supervision during the execution of the exercises should be used, at least in the second stage. The time schedule of the protocol should then be adjusted to maximize the duration and intensity of the first stage of robotic treatment. With our device, for instance, almost one-to-one supervision is preferable in the first week of treatment, whereas two to three robots can be managed by a single therapist in the same treatment room by the second or third week.
Another important point is that the robot has to be operated in the hospital ward, and possibly at bedside, to allow for very early intensification of the rehabilitation treatment. Moreover, a robot used in early functional poststroke training should, in terms of arm motion, perform exercises that promote more natural movements [48] . For example, a 3-D trajectory would be a desirable feature, because it promotes a large number of functional movements in different directions in space. Finally, a robotic system for acute-phase rehabilitation, while assisting the patient's movements, should guarantee a highly compliant interaction to facilitate voluntary motion and preserve the causal relationship between motor command and resulting arm motion, even when robotic assistance is provided. Our approach with the NeReBot can be considered very close to this philosophy, and our future research will aim to clarify whether a suitable mix of substitutive and additional robotic training in the early stage of recovery may lead to a favorable tradeoff between the needs for improved outcome and reduced treatment and personnel costs [49] .
